We set out to better understand the signal transduction pathways that mediate liver tumor promotion by 2,3,7,8-tetrachlorodibenzo-p-dioxn ("dioxin"). To this end, we first employed congenic mice homozygous for either the Ahr b1 or Ahr d alleles (encoding an aryl hydrocarbon receptor (AHR) with high or low binding affinity for dioxin, respectively) and demonstrated that hepatocellular tumor promotion in response to dioxin segregated with the Ahr locus. Once we had genetic evidence for the importance of AHR signaling, we then asked if tumor promotion by dioxin was influenced by "interleukin-1 (IL-1)-like" inflammatory cytokines. The importance of this question arose from our earlier observation that aspects of the acute hepatocellular toxicity of dioxin are dependent upon IL1-like cytokine signaling. To address this issue, we employed a triple knock-out (TKO) mouse model with null alleles at the loci encoding the three relevant receptors for tumor necrosis factors ␣ and ␤ and IL-1␣ and IL-1␤ (i.e., null alleles at the Tnfrsf1a, Tnfrsf1b, and Il-1r1 loci). The observation that TKO mice were resistant to the tumor promoting effects of dioxin in liver suggests that inflammatory cytokines play an important step in dioxin mediated liver tumor promotion in the mouse. Collectively, these data support the idea that the mechanism of dioxin acute hepatotoxicity and its activity as a promoter in a mouse two stage liver cancer model may be similar, i.e., tumor promotion by dioxin, like acute hepatotoxicity, are mediated by the linked action of two receptor systems, the AHR and the receptors for the "IL-1-like" cytokines.
is the prototype for a large family of halogenated-dioxins that are commonly found as environmental pollutants (IARC, 1997) . The World Health Organization's International Agency for Research on Cancer (IARC) has classified dioxin as "a known human carcinogen" (IARC, 1997) . In experimental animals, dioxin is considered a "complete carcinogen," i.e., exposure to dioxin alone can lead to an increase in tumor yields at multiple sites (IARC, 1997; Huff et al., 1994; Lucier et al., 1993) . In "two-stage/initiation-promotion" models of liver, skin, lung, and ovarian cancer, dioxin is demonstrated to be a potent tumor promoter (Davis et al., 2000; Pitot et al., 1987; Poland et al., 1982) . This observation, coupled to the reports that dioxin is only weakly genotoxic has led our laboratory to work under the hypothesis that dioxin carcinogenicity is mediated largely through its action as a nongenotoxic tumor promoter (Giri, 1986) . Although we do not know the mechanism by which dioxin leads to chronic diseases such as cancer, we do know that much of dioxin-induced acute toxicity is mediated by the direct interaction of this ligand with the aryl hydrocarbon receptor (AHR), a member of the basic helix-loop-helix/Per-Arnt-Sim (PAS) family of transcription factors (Hankinson, 1995; Schmidt and Bradfield, 1996) . When bound by dioxin, the AHR sheds its chaperones and gains an increased affinity for the nucleus where it forms a heterodimeric complex with its partner, another PAS protein, known as the AHR nuclear translocator (ARNT). Once activated by ligand, the AHR-ARNT nuclear complex recognizes "dioxin-responsive enhancer elements" (DREs) within the genome and regulates a battery of target genes, including those encoding certain cytochromes P450 (e.g., Cyp1a1, Cyp1a2, and Cyp1b1) (Nebert and Gonzalez, 1987; Schmidt and Bradfield, 1996) . In our view, none of the known DRE-driven genes has yet completely explained the toxic or carcinogenic action of dioxins. In fact, recent evidence from our own lab indicates that the Cyp1a1 and Cyp1a2 gene products provide protection from dioxin-induced acute hepatotoxicity (Nukaya et al., 2009) .
We set out to test the hypothesis that dioxin's role in liver tumor promotion was similar to the mechanism underlying its acute hepatotoxicity. Specifically, we examined the hypothesis that liver tumor promotion, like acute hepatotoxicity, requires dioxin binding to the AHR and downstream signaling events that are inflammatory in nature . To accomplish this task, we first developed a model of dioxin liver tumor promotion in a powerful genetic model, the mouse. We then employed this tumor promotion model in two genetic proofs. First, to demonstrate a role for the AHR, we performed dioxin tumor promotion studies in mice harboring Ahr alleles encoding receptors with either high or low binding affinity for dioxin ligand (Ahr b1 vs. Ahr d alleles, respectively). Second, to provide evidence that AHR-mediated tumor promotion was dependent upon inflammatory cytokine signaling, we used mice that were null for the receptors for the "IL-1 like cytokines," (i.e., tumor necrosis factors (TNFs) ␣ and ␤ and interleukin (IL)-1␣ and ␤). Our results suggest that, like acute hepatotoxicity, dioxinpromoted hepatocellular cancer in mice is dependent upon signaling by the AHR and "IL-1-like" inflammatory cytokines.
MATERIALS AND METHODS

Animals.
Mice were housed in a selective pathogen-free facility on corncob bedding with food and water ad libitum following the protocol established by University of Wisconsin Medical School's Animal Care and Use Committee. Wildtype (WT) C57BL/6J mice homozygous for the high affinity Ahr b1 allele as (i.e., Ahr b1/b1 ) were used as controls throughout this study. In parallel, congenic C57BL/6J mice homozygous for the Ahr d allele (i.e., Ahr d/d ), which encodes the lower affinity AHR d were also examined (Poland et al., 1989 . The triple null mice have been backcrossed to the C57BL/6J strain more than six times and are thus predicted to be >99.9% C57BL/6J (Ahr b1/b1 ) background.
Treatment and tumor studies. At 13 days of age, male mice were injected intraperitoneally with a single dose of either 10 l of tricaprylin or 0.1 mol/g body weight of diethylnitrosamine (DEN) dissolved in the same solvent. At 9-10 weeks of age, the mice were treated by gavage with either 10 g/kg body weight of dioxin or 10 ml/kg body weight of corn oil once every 2 weeks for 24 or 40 weeks (total 12 or 20 treatments, respectively). Animals were then sacrificed by CO 2 euthanasia and tumors on the surface of the liver were visually counted (Moore et al., 1981) . For the analysis of G-6-Pase deficient foci, two consecutive 10-m sections were cut from the frozen liver. These sections were stained for G-6-Pase (Moore et al., 1981) . Each section was carefully examined for number of foci per slide. The area of each tumor focus was estimated according to the formula A = r 2 . The fraction of tumor foci volume was then estimated by dividing the total foci volume by the volume of the section.
Quantitation of 7-ethylguanine in mice liver DNA. DNA hydrolysis and sample enrichment and purification were carried out as reported in the literature (Chen et al., 2007) . Briefly DNA was dissolved in 1 ml of 10mM sodium cacodylate buffer containing 500 fmol of [ 15 N 5 ]7-ethyl-Gua and heated at 100
• C for 1 h. A 50 l aliquot was removed for guanine analysis. The remaining material was loaded on a Centrifree MPS device (MW cutoff of 30,000; Amicon, Beverly, MA) to remove high molecular weight material. The filtrate was applied to a solid-phase extraction cartridge [Strata-X 33 m, 30 mg/1 ml (Phenomenex)]. The 70% methanol fraction was collected and evaporated to dryness. The residue was dissolved in water and analyzed by liquid chromatography-nanoelectrospray-high resolution tandem mass spectrometry-selected reaction monitoring (LC-NSI-HRMS/MS-SRM). The analysis was carried out with an Eksigent NanoLC-Ultra HPLC system (Eksigent Technologies, Dublin, CA) interfaced with a ThermoScientific LTQ Orbitrap Velos (ThermoScientific, San Jose, CA) mass spectrometer. Calibration curves were constructed before each analysis using standard solutions of 7-ethyl-Gua and [ 15 N 5 ]7-ethyl-Gua (Balbo et al., 2011) .
The 50 l aliquot reserved for guanine analysis was diluted to 100 l with 0.2N HCl, and heated at 80
• C for 1 h. The solution was then neutralized with 10 l NaOH 1M and diluted to 200 l with H 2 O, and 20 l was injected for HPLC-UV analysis. Calibration curves were constructed before each analysis using standard solutions of guanine (Balbo et al., 2011) .
Statistical analysis. Statistical analyses were performed by Mstat 5 software (http://mcardle.oncology.wisc.edu/mstat). Intergroup comparisons of tumor incidence were performed by Fisher's exact test (Drinkwater and Denniston, 2011) . Tumor multiplicities were compared using the nonparametric Wilcoxon rank sum test (Drinkwater and Denniston, 2011) . Sen-Adichie test was used for comparing the dose-responses for tumor multiplicity between two mouse lines (Drinkwater and Denniston, 2011) . Differences among groups were assessed statistically significant when p value was <0.05.
RESULTS
Dioxin-Induced Liver Tumor Promotion is Dependent on Binding Affinity of the AHR for Dioxin
In order to determine whether dioxin-promoted liver carcinogenesis is influenced by the binding affinity of the AHR for dioxin, we first performed an initiation-promotion assay using Ahr b1/b1 and congenic Ahr d/d mice on the C57BL/6J background (alleles encoding high and low affinity receptor, respectively). After 24 weeks of dioxin exposure (∼32 weeks of age), tumors were counted on the surface of the liver. Evidence that this protocol was measuring tumor promotion comes from both tumor incidence and tumor multiplicity data. The tumor incidence data demonstrates that mice without initiation by DEN displayed no evidence of gross liver tumor development regardless of dioxin exposure or genotype (Table 1) indicating that dioxin carcinogenesis is dependent upon an initiating event at this time point. Moreover, the significantly increased incidence of tumors in the Ahr b1/b1 mice when mice were exposed to both the initiation event (DEN) and the promotion event (dioxin), as compared with either DEN or dioxin alone, is supportive of dioxin's role as a tumor promoter in this model. Finally, the observation from Ahr d/d mice that dioxin plus DEN does not lead to a significant increase in tumor incidence as compared with DEN alone is consistent with the idea that these mice are recalcitrant to the promoting effects of dioxin because they encode an AHR with lower binding affinity for this promoter.
These concepts are made even clearer by the analysis of tumor multiplicity provided in Figure 1A . We observed a >20-fold increase in the liver tumor multiplicity in DEN-initiated Ahr b1/b1 mice promoted with dioxin as compared with genotype matched vehicle control mice (DEN + corn oil;1.33 ± 0.62, DEN + dioxin; 34.31 ± 5.54, p < 0.0001) (Fig. 1A ). In contrast, dioxin promotion of DEN initiated Ahr d/d mice did not significantly enhance the liver tumor multiplicity at 24 weeks (DEN + corn-oil; 1.64 ± 0.75, DEN + dioxin; 3.18 ± 0.76, p = 0.11) (Fig. 1A) Mice were treated at 13 days of age with a single dose of 0.1 mol/g body weight of DEN. At 9-10 weeks of age, the mice were treated by gavage with either 10 g/kg body weight of dioxin or 10 ml/kg body weight of corn-oil every 2 weeks for 24 weeks. Each group contained more than nine mice (n = 9-26). Bars represent mean liver tumor multiplicities. (B) Levels of 7-methylguanine in liver DNA of Ahr b1/b1 and Ahr d/d mice. Mice were treated at 13 days of age with a single dose of 0.1 mol/g body weight of DEN or the solvent tricaprylin. These mice were killed 24 h later. Each group contained three mice. Bars represent mean values. fold), but significant increase in liver tumor multiplicity (corn- (Supplementary data 1) . Taken in sum, these data are consistent with the concept that dioxin is acting as a tumor promoter in this liver model at 24 weeks of exposure and is dependent upon an initiating event. To assess the effect of DEN and/or dioxin treatment on hepatic tumor development, we monitored the number, size, and volume fraction of preneoplastic lesions, as measured by glucose-6-phosphatase (G6Pase) deficient foci, in a subset of liver sections from Ahr b1/b1 and Ahr d/d mice after 24 weeks of dioxin exposure (Table 2) (Moore et al., 1981) . In the DENinitiated Ahr b1/b1 mice, the number, size, and volume fraction of G6Pase-deficient foci were significantly increased by dioxin exposure compared with the corn oil only control (p < 0.05). However, the number, size and volume fraction of hepatic foci were not significantly altered by dioxin exposure in the DENinitiated Ahr d/d mice compared with their genotype matched corn-oil controls. Although there was no significant increase in foci after 24 weeks in the Ahr d/d mice, again we did find differences after 40 weeks of exposure, where the size and volume fraction of foci were significantly increased in dioxin treated animals compared with those treated with corn oil (Supplementary data 2).
Dioxin-Promoted Liver Carcinogenesis Requires IL-1-Like Cytokine Signaling
We have previously employed
−/− triple null (TKO) mice to support the idea that aspects of dioxin-induced acute hepatotoxicity require IL-1-like cytokine signaling . To investigate whether these same proinflammatory cytokine receptors, and therefore their cognate cytokines themselves, are also involved in this model of dioxin-induced liver tumor promotion, the two stage initiationpromotion assay was repeated using TKO mice. We observed that the liver tumor incidence (Table 3 ) and multiplicity were increased by dioxin promotion in WT mice (corn-oil (WT); 6.63 ± 2.18, dioxin (WT); 57.79 ± 6.30, p < 0.0001) ( Fig. 2A) and to a significantly reduced degree in TKO mice (corn-oil (TKO); 0.63 ± 0.39, dioxin (TKO); 2.29 ± 0.84, p = 0.13) ( Fig. 2A) . This reduced tumor yield in the TKO mice was independent of DEN bioactivation as 7-ethylgluanine levels were not significantly different as compared with the WT controls (control (WT); 16 ± 21, DEN (WT); 13200 ± 1667, control (TKO); 33 ± 7, DEN (TKO); 12812 ± 1418) (Fig. 2B) . Interestingly, the tumor multiplicity was reduced ∼10-fold (p = 0.002) in the DEN treated TKO mice as compared with the DEN treated WT mice ( Fig. 2A) indicating some endogenous tumor promotion pathways are also inhibited in TKO animals. Importantly, the 8.7-fold increase in dioxin promoted tumors of WT mice was significantly >3.6-fold increase in the corresponding TKO mice (p = 0.0005 (analyzed by Sen-Adichie test)) ( Fig. 2A) .
We also examined the effect of dioxin on G6Pase-deficient liver tumor foci development in the TKO mice at 24 weeks dioxin exposure. The results are presented in Table 4 . Although we observed a significant increase in numbers of foci in both WT and TKO mice treated with dioxin, we found fewer numbers of G6Pase-deficient foci in the DEN/corn-oil-treated TKO mice compared with DEN/corn-oil-treated WT mice (p < 0.05). However, no significant difference in mean diameter and volume fraction in the TKO mice treated with dioxin as compared with those treated with corn oil.
DISCUSSION
Due to their environmental persistence and their potency as carcinogens, teratogens, and acute toxicants, dioxins and related halogenated aromatic pollutants pose a health risk to both humans and wildlife (Kransler et al., 2007; Wells et al., 2010) . Although the carcinogenic activity of dioxin is supported by data from experimental animal systems as well as human epidemiology (Huff et al., 1994; IARC, 1997) , its mechanism of carcinogenic, teratogenic, or toxic action is poorly understood. In particular, an understanding of how dioxin exposure leads to cancer in mammalian systems is an important objective, as insights into its underlying mechanism have the potential to inform our assessment of carcinogenic risk for exposed populations. For example, a formal proof for the role of the AHR in dioxin carcinogenesis will add support for receptor mediated risk assessment models (Demby and Lucier, 1996; Green, 1991; Rudmann and Durham, 1999) . Moreover, if a role for inflammation can be clearly demonstrated for this tumor promoter, it may provide us with a central mechanism by which many tumor pro- Mice were treated at 13 days of age with a single dose of 0.1 mol/g body weight of DEN. At 9-10 weeks of age, the mice were treated by gavage with either 10 g/kg body weight of dioxin or 10 ml/kg body weight of corn-oil every 2 weeks for 24 weeks. Each group contained >17 mice (n = 17-19). Bars represent mean liver tumor multiplicities. (B) Levels of 7-methylguanine in liver DNA of WT and triple-null (TKO) mice. Mice were treated at 13 days of age with a because dose of 0.1 mol/g body weight of DEN or the solvent tricaprylin. These mice were killed 24 h later. Each group contained three mice. Bars represent mean values. moters and nongenotoxic carcinogens act. Finally, if inflammatory signaling ultimately proves to be a well-documented central mechanism for many tumor promoters, then anti-inflammatory interventions become a possible treatment paradigm.
These tumor promotion studies, employing the murine model, as well as congenic mice differing primarily at specific genetic loci provide evidence to support a number of important conclusions. The first conclusion is that dioxin is acting as a tumor promoter in this model system. This is based on the observation that an increase in hepatocellular tumor multiplicity after 24 weeks of dioxin exposure occurs only after an initiating dose of DEN (Fig. 1A) and the observation that there are no differences in DEN initiation, as measured by DNA alkylation, in the Ahr b1 -Ahr d model (Fig. 1B) . A second conclusion is that tumor promotion is dependent upon the binding of dioxin to the AHR protein. This is based upon the observation that sensitivity to promotion segregated with the high affinity Ahr b1 allele. A third conclusion is that inflammatory cytokines play an important role in mouse hepatocellular tumor promotion in this model. This is based on the marked reduction in dioxin promoted tumors observed in TKO mice as compared with WT controls.
Our results using the Ahr b1 /Ahr d congenic system are supportive of the potential for dioxin to be a human tumor promoter. Although we were unable to demonstrate a significant increase in dioxin promoted tumors at 24 weeks of dioxin exposure in Ahr d/d mice (Fig. 1, Table 2 ), we were able to demonstrate a significant effect at a longer exposure of 40 weeks (Supplementary data 1 and 2). The Ahr d allele encodes a receptor that harbors the Ala375-Val 375 polymorphism that is thought to be a primary molecular explanation for the decreased binding affinity of this receptor isoform for dioxin (Chang et al., 1993; Ema et al., 1994; Poland et al., 1989 Poland et al., , 1991 Ramadoss and Perdew, 2004) . Moreover, the mouse AHR d receptor is structurally more similar to the human AHR at its C-terminal residues and overall molecular size (Ema et al., 1994; Ramadoss and Perdew, 2004) . Thus, although the AHR d receptor isoform may bind dioxin with decreased affinity, as compared with the AHR b1 isoform, our results suggest that the AHR d receptor can still mediate tumor promotion by dioxin, albeit with lower relative sensitivity and/or longer response time. Given the structural and functional similarities, these data support the idea that the human receptor can also mediate the tumor promotion signal transduction events reported here for the Ahr d allele. It is important to compare previous mouse dioxin liver cancer studies with our results. In one earlier study, transgenic mice expressing a constitutively active form of AHR (CA-AHR) were shown to display an increased number of liver tumors after a single injection of DEN, as compared with nontransgenic controls (Moennikes et al., 2004) . This observation supports the idea that the activated AHR can mediate tumor promoting events in the liver. In another earlier study, an attempt was made to provide a genetic proof for a role for the AHR in dioxinmediated carcinogenesis (Beebe et al., 1995) . Although this earlier study concluded a role for the Ahr in this process, the study was confounded by the use of two highly polymorphic strains (C57BL/6J and DBA/2) to represent these two Ahr alleles. As was noted in the earlier study, the inability to clearly demonstrate segregation of dioxin promotion with the Ahr locus was probably an indication that additional polymorphic alleles in the mouse are influencing tumor yield (Bennett et al., 1995; Bilger et al., 2004) . Based upon the earlier results and those we report here, we conclude that congenic strains, differing at a singular Ahr locus, provide a more robust approach to delineating the role of the AHR in complex mammalian systems.
Given the dependence of both acute (hepatic necrosis) and chronic liver effects (tumor promotion) on the Ahr locus, we examined the idea that additional pathways are shared by these endpoints. To this end, we examined the tumor phenotype in a mouse model that is a "triple knock-out" (TKO) for the genes encoding the three "IL-1-like" cytokine receptors; TNFR1, TNFR2, and IL-1R . The IL-1-like inflammatory pathway is intriguing as a potential player in dioxin tumor promotion. First, the cytokines TNF and IL-1 have been shown in a number of models to be tumor promoting cytokines (Ben-Neriah and Karin, 2011; He and Karin, 2011) . Second, a considerable body of evidence is emerging to support the idea that the inflammatory response plays critical roles in carcinogenesis (Ben-Neriah and Karin, 2011; Grivennikov et al., 2010; He and Karin, 2011; Kuraishy et al., 2011) . Third, with regard to liver tumor promotion, there is evidence that production of a target of the IL-1-like cytokines, IL-6, by resident macrophages contributes to the development of DEN-induced tumors in mice (Naugler et al., 2007) . Finally, the TNF and IL-1 cytokines bind to the receptors TNFR1, TNFR2, and IL-1R and stimulate the activation of transcriptional factors NF-B, STAT3, and AP-1 (Ben-Neriah and Karin, 2011; Grivennikov et al., 2010; He and Karin, 2011) , three factors known to play important roles in inducing tumorigenic genes related to cell proliferation and survival (Ben-Neriah and Karin, 2011; Grivennikov et al., 2010; He and Karin, 2011; Kuraishy et al., 2011) .
The observation that the TKO mouse model was highly resistant to the tumor promoting effects of dioxin supports the concept that AHR activation leads to subsequent inflammatory signaling through IL-1-like cytokines and that this axis that may lie at the heart of dioxin's hepatocarcinogenic and hepatotoxic action ( Fig. 2A, Tables 3 and 4 ). This concept is in keeping with findings from other laboratories. For example, in rodent liver, Tnf-α and Il-1β gene expression has been shown to be induced by dioxin (Fan et al., 1997) . Moreover, inhibition of TNF-␣ activity through the administration of a TNF-antibody resulted in a 54% reduction in mortality induced by acute TCDD-mediated toxicity in mice (Taylor et al., 1992) . Although it is formally possible that these cytokines genes are directly induced by AHR through the DREs within their enhancer region (Schmidt and Bradfield, 1996) , it is also possible that the induction of the cytokines is indirectly regulated by AHR. Although we do not provide any evidence to distinguish between these possibilities, we offer these points. Arguing against a direct DRE mechanism: First, the induction of Tnf-α and Il-1β mRNA by dioxin shows a temporal response that is delayed from the induction of well-known DRE-driven genes such as Cyp1a1 (Fan et al., 1997; Hayes et al., 2007) . Second, functional DREs within the Tnf-α and Il-1β genes have been not been reported (Narayanan et al., 2012) . Finally, the TNF and IL-1 cytokines are commonly produced by innate immune cells such as Kupffer cells (Laskin et al., 2011) , whereas the TNF/IL-1-dependent acute hepatic inflammation induced by dioxin exposure is mediated through AHR in hepatocytes (Walisser et al., 2005) . Arguing for a direct regulatory mechanism is a recent study that reports that Il-6 gene expression is regulated through functional DREs within its promoter region (DiNatale et al., 2010) . Because the secretion of IL-6 can be considered a consequence of IL1/TNF signaling and because this cytokine is critically involved in the development of hepatic injury and hepatocellular carcinoma (Naugler et al., 2007) , IL-6 is one candidate for a DRE-driven gene related to the dioxin liver toxicity and tumor promotion.
Our working model going forward is that dioxin induces expression of DRE-driven genes within the hepatocytes and that these genes somehow signal to the resident macrophages to release IL-1-like cytokines which leads to both acute and chronic dioxin effects. What we find equally exciting is the prospect that this inflammatory pathway may be important in the action of a wide variety of tumor promoters. In this regard, we note that liver tumor multiplicity was decreased in the TKO mice after DEN treatment alone, even in the absence of dioxin promotion ( Fig. 2A) . This was confirmed by histologic analysis (Table 4) and may indicate that much of liver tumor development in the mouse is dependent upon an inflammatory response mediated by the IL-1 like cytokines (Lin et al., 2013) . This observation could be an indication that tumor promotion by a variety of agents, including endogenous ones, may lie at the heart of murine hepatocarcinogenesis (Mezrich et al., 2010; Nguyen and Bradfield, 2008) .
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